Optical simulations of a noninvasive technique for the diagnosis
of diseased salivary glands in situ
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A simulation experiment for three-dimensior8D) imaging of exogenous fluorescinated antibod-

ies that specifically bind to infiltrating lymphocytes in minor salivary glands was carried out. Small
(~1 mn? volume rhodamine targets, which mimic diseased minor salivary glands labeled with
fluorescent antibodies to infiltrating lymphocytes i/@gn’'s syndrome, were embedded in a
highly scattering tissue phantom consisting of a thick Delrin™ disk covered by index matched
Delrin™ slabs of various thickness. In this way the variation of fluorescence profiles on the surface
of tissue could be examined corresponding to the range of depths of the salivary iglanads

Surface images were obtained for different target depths and radial distances from laser excitation
to target fluorophore. These images were analyzed and compared to calculations based on random
walk theory in turbid media, using previously determined scattering and absorption coefficients of
the Delrin™. Excellent agreement between the surface profiles experimentally measured and those
predicted by our random walk theory was obtained. Derivation of these theoretical expressions is a
necessary step toward devising an inverse algorithm which may have the potential expressions to
perform 3D reconstruction of the concentration distribution of fluorescent labels within tissue.
© 1998 American Association of Physicists in Medicir&0094-24088)01906-3
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I. INTRODUCTION tissue, or those of specific labels targeting pathologies. Sev-
eral technologically critical elements are required to devise a

Accurate, simple, and reliable techniques are needed to peginically useful imaging system. These include adequate de-

form sensitive and specifio vivo determinations of abnor- octed intensityi.e., signal-to-noise ratjo resolution of the

malities within a given tissue. When successful, noninvasive[arget’ and most important, specificity, which is critical for
“optical biopsies” might replace invasive, destructive biop- 8efinitive diagnosis

sies, providing advantages of smaller sampling errors an Tissue surface imaging has been very successful in pro-

reduction in cost and time for diagnosis. Moreover, these . . ; - o : LT
: : . . : viding high precision clinical imagesn vivo. However,
techniques could integrate simultaneous diagnosis and . . : . .
N f . strong scattering of light by virtually all tissues makes it very

therapy in “image and treat” procedures, and over time to

follow the progression of disease or its regression in re_d|ff|cult to image optically beyond the most superficial layer.

sponse to therapfe.g., pharmaceutical Confocal microscopy allows effective rejection of signals

Extensive research has been undertaken on noninvasif&iSing outside of the selected image plane at depths for
optical (visible and infraretispectroscopic imaging of tissue Which multiple scattering of light by overlying layers is not
for tomography, clinical screening, and monitoring of physi- 00 greaf Imaging a number of sequential planes with con-
ological parameters and metabolic statddhese techniques focal microscopy enables one to reconstruct three-
can add functional imaging modalities to density imaging,dimensional(3D) structures within cells and transparent tis-
while avoiding ionizing radiation hazards. Differentiation be- sues. However, at depths greater than 20@ in most
tween normal and diseased tissue may be based on diffetissues, out-of-plane diffuse light overwhelms the image
ences between the optical properties of normal and diseasém a selected plane, resulting in a loss of contrast and
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resolution. This problem in which the ability to achieve nec-deeper than 1 mm below the tissue surface requires a theo-
essary intensity at focal spots falls rapidly with increasingretical framework which describes photon path dispersion
depths is also encountered in two-photon excitatidore-  within the tissue.

over, interferometric techniques, such as optical coherence From the above discussion, clinically practical fluores-
tomography, which have been used for 3D imaging of back€ence imaging techniques must meet several requirements.
scattered light{though not fluorescengén the eye or skin, First, the pathology under investigation must not lie at a
also suffer from multiple scattering which blurs the imagesdepth where the attenuation of the signal gives poor signal-
coming from deeper than 1 mm in tissu&he latter can be to-noise ratio and resolvability. Second, the specificity of the
considered as the average depth at which the direction of thaarker must be high enough so that one can clearly distin-
photons is randomized, and after which the photons enter guish between normal and abnormal lesions. Finally, one
diffusionlike regime and therefore experience large dispermust have a robust image reconstruction algorithm which
sion in their path lengths. The direct effect of such dispersiorenables one to quantify the fluorophore concentration at a
is a loss of resolution of an embedded target within the tisgiven depth.

sue. Although new techniques of time-gated imaging and We have chosen &jgoen'’s syndroméS as an ap-
optical coherence tomography can dramatically increaspropriate test case for developing this noninvasive optical
resolution in turbid tissue by limiting path length dispersion, biopsy based on 3D localization of exogenous, specific fluo-
these techniques are exquisitely sensitive to scattering atescent labels. SS is an autoimmune disease affecting minor
tenuation (14s~100xm). For example, time-resolved tran- salivary glands which are ne&.5—3.0 mm belowthe oral
sillumination techniques can enhance the resolution by remucosal surface. Therefore the target pathology is relatively
cording those photons which arrive earliest at the detectoaccessible to noninvasive optical imaging. The hydraulic
and hence whose paths deviate least from the optical axignductivity of the oral mucosa is relatively high, which
(connecting the source and the detectdrHowever, cur- along with the relatively superficial location of the minor
rently, optical imaging of deep tissue structures leads to resgalivary glands makes topical application and significant la-
lutions significantly poorer than those attainable with com-beling of diseased glands with large fluorescent molecules
peting techniques based on x r&yshich have proven to be easier to accomplish. We have showniinvitro labeling
powerful noninvasive diagnostic imaging methods based ostudies on tissues containing minor salivary glands that our
weakly specific contrast coupled with high spatial resolutionfluorescent ligandge.g., fluorescinated antibodies specific to
(due to low scatter cross section contrast, the success of CD+4 T cellg®2° activated lymphocytes infiltrating the
any noninvasive, visible or near-IR optical imaging tech-salivary glands bind specifically to the infiltrating cells, pro-
nigue must rely on dramatic increases in the specificity oviding high contrast and a quantitative relationship to their
signals arising from abnormal regions embedded in otherconcentration(and therefore to the stage of the disease pro-
wise normal tissue which can compensate for the inherergess. The signal must be higher than background autofluo-
loss of resolution for deeper structures. Specific intrinsic op¥escence. This background may be further reduced both by
tical labels have been shown to be used to distinguish bespectral isolation from the signal and by using a scanning
tween normal and abnormal tissues. For example, autofludaser system with deconvolution of multiple images.
rescence associated with metabolic status of cells has been We have been developing the random walk theory
used as markers of diseasé! This approach has led to (RWT)**#upon which our deconvolution methods will be
limited success in tissue surface imaging, e.g., in the detedased and in Sec. Il present the results of these calculations.
tion of Human Papilloma Virus on the surface of the Devising a robust inverse algorithm requires further investi-
cervix!? For deep tissue imaging, complicating factors, suchgations which are not discussed in the present paper.

as background fluorescence and multiple scattering, make

the quantitation of such fluorescent signals very difficult.

Advances in molecular biology of diseasedyproce§§es, Il. MATERIAL AND METHODS
new immunohistopathological techniques, and the develop- This feasibility study simulateéh vivo tissue optics in a
ment of specific fluorescently labeled cell surface marker®elrin™ phantom with a corrected scattering coefficient of
have led a revolution in specific molecular diagnosis of distoughly u.=2mm™* as shown in Fig. 1. Embedded
ease by histopathology as well as in research on moleculahodamine piece targets ef1 ul volume placed into 1-mm-
origins of disease processgsg., using fluorescence micros- diam (size of the minor salivary glang$ioles simulate lo-
copy in cell biology. In transparent living preparations, calized dense nests of fluorescently labeled lymphocytes in-
these fluorescent molecular probes have been imsedro  filtrating diseased minor salivary glands. These filled holes
for high resolution studies of cell surface dynamics and inwere covered with a thin index matching gel
ternal cell activity using confocal or near field microscopy. (ECHOSINE™—Ultrasound transmission gehd then Del-
These advances in specific fluorescent molecular probes sugr™ slabs(1-6 mm thick to simulate various depths of
gested to us the possibility of developing specific and quanfluorescent labels within tissue. The phantom was scanned
titative noninvasive diagnosis of tissue changes if appropriacross its surface with a 30 mW argon laser b¢488 nm
ate in vivo fluorescence imaging techniques can beallowing a series of fluorescence images to be obtained for
developed that are clinically practical. Unlike this previouslaser excitation at different radial distances from the fluoro-
in vitro work, quantitation of fluorophore concentration phore. The digitized two-dimension&D) images of the ex-
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Fic. 1. Experimental setup for the simulation of optical diffusion within the 20}
oral mucosa of the lip and excitation of fluorescently labeled antibodies 4
binding to the embedded, diseased minor salivary glands.

1 .
20 40 80 80 100 120

. . . ... Fi6. 3. Surface emission image of standard fluorophore located 3 mm deep
cited fluorescence were acquired through a high pass filt€],q 5 mm from the laser source after correction.

with a 3 dBpoint set between the exciting wavelength and
the emission wavelength by a computer controlled charge-
coupled devicé CCD) camera. Another filter was attached to is shown in Fig. 2. In Fig. 3 the image obtained for a fluo-
the CCD surface to attenuate the high brightness of the raophore at 3 mm depth and 5 mm distance from the source is
flectance of the laser from the surface. Exposure time of thalso shown. From these plots, one can immediately see that
camera was set to cover the whole dynamic rad@ebits of  the image obtained from the deeper fluorophore is shallower
the camera for each depth. Combinations of distances behan that obtained from the more superficial one. This sug-
tween excitation locatio0—10 mn) and target depth€l—6  gests that the depth information is hidden in the shape of the
mm), varied in 1 mm steps, resulted in 66 different imagesimages as will be shown later. It is not possible to infer the
performed under the same environmental conditifight,  depth and hence the concentration of the fluorophore sites
temperature, and humidityUsing the image processing soft- from a single 2D image. In order to predict the actual 3D
ware package NIH Image™%ee http://rsb.info.nih.gov/nih- distribution of the fluorophores, one needs a theoretical de-
image/ for further information and downloadingmages velopment which describes the photon paths inside the tissue
were reduced to the 8 most significant bits. An image of aand its interactions with the fluorescent site at a given depth.
diffuse medium with uniform illumination provided calibra- The theoretical analysis used for data analysis is based on the
tion of each pixel in the image system and was used to cortheory of lattice random walKfor detailed derivation see
rect the actual images. This process eliminates the effects ®ef. 24. In this paper, we describe the general description of
nonlinearities of the imaging system. the model and the final result which will be used subse-
An example of surface emission imagmnverted into a quently for data analysis.
contour ploj of a fluorophore embedded at 1 mm depth and A schematic drawing describing a photon path is shown
3 mm distance from the laser sourgrarked on the image in Fig. 4. A typical path can be divided in three processes.
First, a photon at the excitation wavelength penetrates into a
tissue to a point, before becoming diffusely scattered, then

Florophore location Laser beam location

10} Photon in at Photon out at
the excitation the emission T

wavelength wavelength

100
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aob
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20 20 50 Pr T00 120 FiG. 4. Schematic drawing of a typical photon path involved in a diffuse
fluorescent process. The photon is able to recirculate through the fluoro-
Fic. 2. Surface emission image of standard fluorophore located 1 mm deephore sitek times before producing an emitted photon, which is detected at
and 3 mm from the laser source after correction. the surface.
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it travels within the tissue in a diffusionlike process. Then Laser
the photon reaching a fluorophore may be absorbed and re-
emitted with a longer wavelength with some probability. If
the photon is not absorbed by the fluorophore, it is free to
migrate further and later return to the fluorescent site a ran-
dom number of times. The probability of fluorescent emis-
sion from an absorbing fluorophore is determined by the
guantum efficiency of the fluorophore. Although, in the
original derivation, our model included explicitly the finite
lifetime of the fluorophore, because our measurement uses
cw light, the effect of the lifetime is included in the quantum
efficiency. Finally, the fluorescent photon moves from the
fluorophore to the tissue surface subjected to the diffusion-
like process, though at the emission wavelength.

The parameters which govern this diffuse fluorescent phoFic. 5. Fluorescent emission profiles detected at the surface for a®L mm
ton migration areu,= absorption coefficient of the excita- f!uorophore located at a depth of?, mm in the Delrin™ slab. Radial separa-
tion wavelengthuee~ absorption coefficient o the emission 167 oS st and erophore s paeate for cach curve. The hozontl
wavelength, ug=scattering coefficient of the excitation peak.
wavelength, ui=scattering coefficient of the emission
wavelength,p=(Xg,Yq,0)—detection location at the tissue
surface,s=(x;,Y¢,Z) location of the fluorophorgvoxel Using MATHCAD ™, horizontal line scans passing through
containing the fluorophoje 7= probability of exciting the  the maximum of intensity for each image, for five distances
fluorophore (~ w4, fluorescence absorptipn® =quantum  between source and fluorophore locatiéhs3, 5, 7, and 9

Intensity (A.U.)

N

50 100 150 200
Pixel # (100um per pixel)

efficiency of the fluorophor¢here it is close to . ~ mm), were analyzed using our RWT. An example of these
The final expression for detected fluorescent intensity aprofile curves, for fluorophores located at 3 mm depth, is
the tissue surface is shown in Fig. 5. As seen in Fig. 5, the highest peak value is

é( . b 7 x ) obtained for the nearest fluorophddemm) to the excitation
PaisMaer tsio tsesY 11215 X0, Y0, 77 source and lowest one for the remote fluoroph@enm).
. [H(ay,B1)—H(a1,B82) —H(az,B1)+tH(az,B2)1* 7 dOur :‘he(r)]ry phredictsf tr;]at_ for fluor?phores Ioca'?ald at: gli(\j/eg
- epth, the shape of their center-line scan profiles should be
[1+7(1+ 33Im)¥25i_y expl—2K(pail pad) = 1] gt 5 SR P
X Pe~ Hae, (1) The emission profiles, shown in Fig. 5, are normalized
and shifted to the same location and are shown in Fig. 6.

where These results show that all normalized emission profiles of
1 i e fluorophores located at the same depth have similar shape. In
H(a,B)= — exp{ —2( \/ ( ) \/,8( ) } Fig. 6, resultgthe dotted ling of the theoretical calculations
Ve Hsi Hse @ of the expression given in Eql), using the optical param-
(2) eters of the slab at the incident and emission wavelengths
and
ay o= 3XF +Yi+ (22 20) %1 (1), 3)
B1= A (X=X0)?+ (Y= Y0) >+ 2t + 20+ 29) ] (ed®,  (4) '?,
where s
(=
20=V2[ gl (5) °
8
lll. RESULTS E
In order to compare our theoretical findings with the ac- ‘;’
tual experiments, we measured the optical properties of the . .
Delrin slabs at the incident and emission wavelengths using 0 20 40 60 80 100 120 140
an integrating spheres meth&tlin this method the total Distance (0.1 mm)

transmission and total reflection of the slabs with knownFlG 6. Comparison of theoretical predictions with measured normalized
thickness were measured, and using an inverse algorithBhapes of fluorescent emission profiles. Surface images were of a fluoro-

based on RWT, the optical parametgrs and Ms were de-  phore located at a depth of 3 mm in the Delrin™ slab in Fig. 3. Ac-

; ; aldy cording to theory, the radial separation of the laser and fluorophore affects
rived. The results of these calculations yielth, intensity but not the shape of the surface emission profiles. The normalized

— ~1 — ~1 r__ =1 ’
=0.008 MM~ uae=0.004 MM~ ug=16MM ", e horizontal slices of the images have been translated to exhibit peak values at
=27mm?% pixel 70 for comparison of shapes.
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Fic. 7. Ratio of surface intensities for fluophores embedded 3 and 4 mm Distance from the source (mm)
deep: --- experiment's results; ——— theory results.

Fic. 8. Comparison between the experimentsjuares and theoretical
(solid line) falloff of peak fluorescent intensities in the surface image with

. increasing distance in they plane between the point of laser irradiation and
and the depth of the fluorophores site, are also shown. Thtﬂe fluorophores. The peak amplitude at 3.1 mm is set to one. The depth of

theory shows a reasonable correlation with experimental rene fluorophores is 3 mm.
sults. The same procedure was repeated for other depths of

fluorophores and the same good correlation was obtained.

We also compared theoretical predictions with experimental

results for the ratio of intensities from pairs of ﬂuorophoresSource localization and strenath. Our next sten will be per-
embedded at different depths. The good correlation betweefn gth. P P

theory and experiment for fluorophores of 3 and 4 mm deptho.rrnlng _expenments \.N'th sets of two_or more _fl_uorophor_es
is shown in Fig. 7. with various separations and applying specific inversion

techniques based on our RWT expressions to reconstruct

In Fig. 8, we compare the experimental and theoretica o . :
. o . .._fluorophore source localization and strendthvivo optical
falloff of peak fluorescent intensity in the surface image with.

increasing distance in they plane between the point of laser imaging of the oral mucosa of the lip in SS patients will also

irradiation and the fluorophore. The good correlation founobe performed along with studies of the binding of fluorescent

. ) . markers to the infiltrating lymphocytes in the diseased glands
from these comparisons between experiments and theoret|caand a variety of wash-in and wash-out techniques to maxi-
predictions(Figs. 6—8, allows us to infer that the shapes of y q

image profiles can be used to determine the depth of embe&j?z.e §p_ecific Iabelin_g_ of the infiltrating Iymphocyt«_as yvhile
ded fluorophores. The magnitude and position of the inten-nimizing nonspecific packground._We are CO*?““‘!'”Q_ t_o
sity peak can then be related to the local concentration O?efme our system to ach|eye our ma,'n goal of using it clini-
. . : cally to detect and monitor &jpen's syndrome disease
fluorophores at that depth and its 2D location. Ultimately, we . L
. . I ._changes and, more generally, to determine applications for
hope to devise a complete inverse method utilizing a series

) . . exogenous, specific molecular fluorescent labels for quanti-

of images which allows 3D reconstruction of fluorophore . ; ST . .
L . . tative noninvasiven vivo diagnosis.

concentration in tissues noninvasively.

To validate these results further, we performed the above
described experiments again, but this time used a powder
mixture of rhodamine particles and scattering material to
simulate more precisely thie vivo situation. We have col-

lected the same number of images and performed the san > 1.2 - rrrprrrrrrr
calculations and again received a good agreement betwe g A RS S B E PR w/o scattering
theoretical and experimental results. A representative grap @ 1 N W Scaterng
is shown in Fig. 9, where the comparison between two emis £ ¢ g /

sion profiles of solid rhodamine and the ground rhodamine,

Delrin mixture, both at a depth of 5 and 5 mm from excita-
tion location, are presented. In this case the two profiles hav
fairly similar shapes.

Normalized
o
F-S

IV. SUMMARY o b

~ Our RWT analytical expressions accurately predict inten- 0 20 Bltance {001 'mm) 20 140
sity distributions in surface fluorescence images obtained a
a laser is scanned over the surface of highly scattering phan-

toms containing focal fluorescent inclusions. Therefore iflG. 9. Comparison of measured normalized shapes of fluorescent emission
’ ’ ofiles for a mixture of rhodamine and scattering particles and a full piece

. . . I
appears pqs&blg to use these theoretical expressions as ﬂf@nodamine. Emission profiles for embedded fluorophore 5 mm deep and 5
basis for inversion techniques to reconstruct fluorophorenm from exciting laser.
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